To determine the effects of human retinal pigment epithelial (RPE) cell pigment granules on photosensitized and iron ion-mediated oxidation and the effect of the photodegradation of melanosomes on their antioxidant properties. METHODS. RPE cells were isolated from human and bovine eyes; pigmented and nonpigmented bovine retinal pigment epithelia were isolated separately. Melanosomes, melanolipofuscin, and lipofuscin granules were isolated from human RPE donors older than 60. Melanosomes were photodegraded by exposure to blue light. Oxidation of RPE cells or of linoleate was induced by iron/ascorbate in the presence and absence of pigment granules. The photosensitized oxidation of histidine was induced by blue light irradiation of cationic porphyrin. The progress of oxidation was monitored by electron spin resonance oximetry. RESULTS. Iron/ascorbate induced rapid oxidation in suspensions of nonpigmented bovine RPE cells. The rates of oxidation were diminished approximately four times in suspensions of pigmented bovine RPE cells. Adding bovine melanosomes or synthetic melanin to nonpigmented bovine RPE cells resulted in a concentration-dependent decrease in the rate of oxidation to levels similar to those of pigmented bovine retinal pigment epithelium. Human melanosomes exerted a concentration-dependent inhibitory effect on photosensitized and iron-mediated oxidation. Photodegradation of human melanosomes led to loss of the inhibitory effect on iron-mediated oxidation, whereas their ability to inhibit photosensitized oxidation was enhanced. CONCLUSIONS. Human melanosomes act as effective antioxidants by preventing iron ion-induced oxidation. Photodegradation of melanosomes results in the loss of these antioxidant properties while it preserves their ability to deactivate cationic photosensitizers. (Invest Ophthalmol Vis Sci. 2008;49: 2838 -2847) DOI:10.1167/iovs.08-1700 R etinal pigment epithelial (RPE) melanosomes are organelles enclosed by a lipid membrane that contain the brown-black pigment melanin synthesized on a protein matrix.
R
etinal pigment epithelial (RPE) melanosomes are organelles enclosed by a lipid membrane that contain the brown-black pigment melanin synthesized on a protein matrix. 1, 2 Melanin exhibits several potentially antioxidant properties, such as sequestration of redox-active metal ions, scavenging of free radicals, and thermal deactivation of electronically excited states of photosensitizers and oxygen. 1, 3 Indeed, several studies have shown that porcine or bovine RPE melanosomes can offer substantial protection against photosensitized oxidation mediated by a cationic photosensitizer 4 and iron ion-mediated generation of hydroxyl radical or lipid peroxidation. 4 -6 However, some of these studies also showed that photobleaching of melanosomes results in a reduced capacity to bind metal ions or to offer protection against metal ion-dependent hydrogen peroxide decomposition and lipid peroxidation. 5, 6 Previous studies showed that photobleaching of melanosomes mimics several changes observed with the aging of RPE melanosomes. [5] [6] [7] [8] Age-related changes in chemical properties of RPE melanosomes 9 -11 suggest the possibility that their cation-binding properties also change with age.
The aims of this study were to determine the ability of RPE melanosomes to protect from iron-mediated oxidation in a cellular system, to test whether aged human RPE melanosomes retain the ability to protect from photosensitized and ironmediated oxidation, and to determine the effects of melanosome photodegradation on their antioxidant properties. To compare the iron-induced oxidation of retinal pigment epithelium in the presence and absence of RPE melanosomes and synthetic melanin, we used bovine RPE cells isolated from the pigmented part of the fundus and from the tapetum, where cells do not contain melanin. We also tested the ability of human melanosomes from 60-to 90-year-old donors to inhibit photosensitized and iron-mediated lipid peroxidation and compared them with two other human RPE pigment granules, melanolipofuscin and lipofuscin. Finally, we tested the effect of photodegradation on the ability of human melanosomes to inhibit iron-mediated lipid peroxidation and photosensitized oxidation mediated by a cationic photosensitizer.
MATERIALS AND METHODS

Chemicals
Chemicals, of reagent grade or better, were purchased from SigmaAldrich (Steinheim, Germany), or Merck (Darmstadt, Germany) and were used as supplied unless stated otherwise. The 4-protio-3-carbamoyl-2,2,5,5-tetraperdeuteromethyl-3-pyrroline-1-yloxy (mHCTPO) was a generous gift of H. J. Halpern (University of Chicago, Chicago, IL). Phosphate-buffered saline (PBS) without calcium and magnesium was treated with chelating resin (Chelex 100; Sigma-Aldrich) before use to minimize the content of metal ions. Synthetic dopa-melanin was prepared by autooxidation of dihydroxyphenylalanine (dopa), as previously described. 12 
RPE Cell Isolation
Human eyes with no reported abnormalities were obtained from the Wisconsin Lion's Eye Bank less than 24 hours after donor death (all donors were Caucasian). Bovine eyes were from a local slaughterhouse. RPE cells were isolated as described previously, and pigmented and nonpigmented cells of bovine eyes were isolated separately. 10 Protein concentration was determined by the Lowry method.
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Isolation of Melanosomes, Melanolipofuscin, and Lipofuscin Granules
Pigment granules were isolated from human RPE cells from 60-to 90-year-old donors or from pigmented bovine retinal pigment epithelium and were purified as previously described.
14 Given that 1 mM EDTA was used for retinal pigment epithelium homogenization and 0.1 mM EDTA was used for further centrifugation steps, most of the iron ions bound endogenously to the melanosomes were removed during the isolation procedure. Finally, purified melanosomes were washed in PBS without EDTA. The number of the human pigment granules was determined by counting in a hemocytometer.
Determination of Free Radical Content in Melanin
The number of free radicals in melanin was determined by an electron spin resonance (ESR) assay 8, 11 in which the ESR spectra of melanin samples acidified to pH 1.0 were measured at liquid nitrogen temperature, in the g-value of approximately 2.00 region (ESP 300E ESR spectrometer; Bruker Instruments. Billerica, MA) operating at X-band and equipped with 100-kHz field modulation. Apparatus settings were as follows: microwave power 0.02 mW, modulation amplitude 2.0 G, and scan range 50 G. ESR signal intensities of RPE cells and isolated pigment granules were compared under identical experimental conditions with the ESR signal of dopa-melanin.
Photo-Induced Degradation of Melanosomes
Isolated melanosomes in suspension in PBS were photodegraded at 10°C in a thermostated optical chamber with constant stirring, using a magnetic stirrer. Samples were irradiated up to 70 hours with a compact arc high-pressure mercury lamp (Photomax 200 W; Oriel Co., Stratford, CT) with light filtered by a combination of cutoff and broadband filters transmitting blue light 390 to 490 nm (22 mW/cm 2 ). Light intensity was measured by determining fluence rates with a radiometer (model 65A; Yellow Springs Instrument Co., Yellow Springs, OH).
Solubilization of Methyl Linoleate in Micelles
Micelles were prepared fresh before experiments. Methyl linoleate was added (final concentration, 75 mM) to an argon-saturated solution of 10 mM Triton X-100 in PBS, vortexed, and kept on ice under argon until use.
Induction of Oxidation by Fe/Ascorbate
Fe(III) was chelated with adenosine diphosphate (ADP) by solubilization of ferric chloride in the presence of 5 mol eq excess of ADP at pH 1.0 (to prevent iron precipitation), followed by a gradual increase in pH by the addition of NaOH to pH 7.2, producing a stock solution of 0.5 mM Fe-ADP. Several incubation times of the Fe-ADP complex with melanosomes were tested. No difference in inhibitory action was detectable between 5 minutes and longer incubation times up to 60 minutes, Therefore, in all further experiments, melanosomes were incubated for 5 minutes with Fe-ADP before the addition of 0.2 mM ascorbate and RPE homogenates or linoleate and the measurement of oxygen uptake.
Monitoring of Oxidation by Electron Spin Resonance Oximetry
The kinetics of oxygen concentration changes were measured by ESR oximetry 10,14,15 using 0.1 mM mHCTPO as the nitroxide spin probe. Initial rates of oxygen uptake were obtained by determining the slope of initial oxygen uptake, where the oxygen concentration decreased linearly with time.
Oxidation Induced by a Cationic Photosensitizer
Histidine was used, a substrate easily susceptible to oxidation by singlet oxygen, an electronically excited state of molecular oxygen that can be generated by photoexcitation of photosensitizers such as tetra(4-N,N,N,N-trimethylanilinium)porphyrin (TAP) under aerobic conditions. 16, 17 To induce photosensitized oxidation of histidine, a solution of 0.088 mM TAP in the presence of 2 mM histidine was irradiated with blue light in a flat quartz cell (0.25 mm optical path length) directly in a resonant cavity of the ESR spectrometer to allow concomitant monitoring of oxygen concentration by ESR oximetry. 4 Irradiance levels inside the ESR resonant cavity were monitored by a calibrated silicon photodiode (Hamamatsu Photonics K.K., Shizuoka, Japan).
Statistical Analysis
All experiments were performed at least in triplicate. Unless stated otherwise, experimental points and error bars in figures represent mean and standard deviation (SD), respectively. Statistically significance differences between means were determined using the Student's t-test, with differences of P Ͻ 0.05 considered significant. First-order polynomial regressions were performed using appropriate software (SigmaPlot9.01; Systat Software Inc., London, UK).
RESULTS
Melanin as the Main Inhibitor of Iron-Mediated Oxidation in the Retinal Pigment Epithelium
Iron (III) ions chelated with ADP are easily reduced by ascorbate, and the mixture of Fe(II)-ADP and Fe(III)-ADP is expected to interact with hydroperoxides, leading to their decomposition and resulting in the formation of lipid-derived radicals or hydroxyl radicals, each of which can initiate a free radical chain of lipid peroxidation. 18 Indeed, as expected, the addition of Fe-ADP/ascorbate to a suspension of nonpigmented bovine RPE cells induced rapid oxidation, leading to the depletion of about half the solubilized oxygen within approximately 12 minutes (Fig. 1A) . In the absence of exogenous ascorbate, the rate of oxygen uptake was 13.7 times slower than in its presence, whereas in the absence of exogenous Fe-ADP, the rate of oxidation was negligible (Figs. 1A, 1B) .
The initial rate of oxidation was approximately 4.1 times smaller in suspensions of pigmented bovine RPE cells than in nonpigmented cells of equivalent protein concentration (Fig.  1 ). The addition of increasing concentrations of bovine melanosomes to the suspension of nonpigmented bovine RPE cells resulted in a concentration-dependent decrease in the rate of oxygen uptake (Fig. 1) . In the presence of bovine melanosomes at a concentration corresponding to melanin concentration in pigmented RPE cells (0.03 mg melanin/mL), the kinetics of oxygen uptake in homogenates of nonpigmented RPE cells were similar to those in homogenates of pigmented RPE cells. Oxidation was inhibited even further when the concentration of bovine melanosomes was doubled to 0.06 mg melanin/mL. Interestingly, 0.06 mg/mL synthetic dopa-melanin exerted an inhibitory effect on oxygen uptake similar to that of bovine melanosomes with the same concentration of melanin. 
Ability of Human Pigment Granules from the Old Retinal Pigment Epithelium to Inhibit Fe-Mediated Oxidation
Because human melanosomes undergo several age-related changes, 9 -11 it is possible that their interaction with iron ions also changes, reducing the ability of the melanosome to inhibit iron ion-induced lipid peroxidation. Human melanosomes from aged donors exerted a dose-dependent inhibitory effect on Fe-ADP/ascorbate-induced oxygen uptake in the presence of linoleate (Fig. 2) . The inhibition became greater at increasing concentrations of human melanosomes but only up to 0.6 billion granules/mL, corresponding to 0.03 mg/mL melanin. Above 0.6 billion granules/mL, no further inhibition was detected. In the absence of linoleate, samples with human melanosomes exhibited substantial oxygen uptake, indicating that human melanosomes were themselves a susceptible substrate for oxidation (Fig. 2) .
In comparison with bovine melanosomes, human melanosomes proved significantly less effective than bovine melanosomes at inhibiting Fe-mediated oxidation of linoleate at concentrations corresponding to the same melanin concentration (Fig. 3) . Bovine melanosomes inhibited the rate of Fe-ADP/ ascorbate-induced oxygen uptake 10.5-fold in suspensions of linoleate in micelles, whereas human melanosomes inhibited the rate approximately sixfold (Figs. 3B, 3C ).
Melanin in the adult human retinal pigment epithelium is present in melanosomes and in the complex pigment granules melanolysosomes and melanolipofuscin. 19 -22 Melanolipofuscin, tested at the same concentration of granules as human melanosomes, exhibited some inhibitory effect by inhibiting the oxidation of linoleate by approximately 34% (Figs. 3B, 3D). Lipofuscin did not exert a significant effect on Fe-ADP/ascorbate-induced oxygen uptake in the presence of linoleate (Figs. 3B, 3D).
Because of their protein and lipid content, pigment granules from human retinal pigment epithelium may themselves be susceptible to iron-induced lipid peroxidation. Indeed, incubation of Fe-ADP/ascorbate in the absence of linoleate but in the presence of bovine or human melanosomes led to a 1.4-fold and a 2.7-fold increase, respectively, in the initial rate of oxygen uptake in comparison with samples without pigment granules (Figs. 3A, 3C ). Almost identical rates of oxygen uptake were observed with the addition of Fe-ADP/ascorbate to a suspension of lipofuscin granules (Figs. 3A, 3C). Interestingly, iron-induced oxygen uptake in a suspension of melanolipofuscin granules was approximately 2.1 and 2.8 times greater than for lipofuscin and melanosomes, respectively (Figs. 3A, 3C).
Effect of Photodegradation of Melanosomes on Their Inhibitory Effect on Fe-Mediated Oxidation
It has been suggested that photooxidation may be responsible for age-related degradation of melanin and changes in its physicochemical properties. 8 Photodegradation of human melanosomes with blue light for 70 hours led to a decrease in the intrinsic free radical signal of melanin by a factor of 2.3 (Fig. 4) . In the absence of Fe-ADP/ascorbate, neither native nor photodegraded melanosomes exhibited a detectable oxygen uptake. On the addition of Fe-ADP/ascorbate to a suspension of melanosomes photodegraded for 12 hours, the rate of oxygen uptake was similar to that of nondegraded melanosomes (Figs. 5A, 5C). Melanosomes photodegraded for 70 hours exhibited significantly faster oxygen uptake in the presence of Fe-ADP/ ascorbate, with rates approximately 1.9 and 1.8 times greater, respectively, than nondegraded melanosomes and melanosomes degraded for 12 hours (Figs. 5A, 5C ).
In the presence of linoleate, native melanosomes inhibited Fe-ADP/ascorbate-mediated oxidation by a factor of 2.4 (Figs. 5B, 5D). Not only did melanosomes degraded for 12 hours not exert a protective effect, they exhibited a small but significant pro-oxidant effect, leading to a 13% increase in the rate of oxygen uptake (Figs. 5B, 5D ). Melanosomes degraded for 70 hours induced a substantial pro-oxidant effect on Fe-ADP/ ascorbate-induced oxygen uptake, increasing the rate of oxy- 
Effect of Human Melanosomes on Photosensitized Oxidation Induced by Cationic Photosensitizer
Next we tested the ability of aged human melanosomes to inhibit photosensitized oxidation mediated by TAP, a watersoluble cationic derivative of porphyrin known to bind to melanin, which inhibits its photosensitizing action by quenching electronically excited states. 3, 16, [23] [24] [25] [26] In the absence of melanin, the photoexcitation of TAP with blue light led to a photosensitized energy transfer from an excited triplet state of TAP to oxygen, forming an excited state of oxygen known as singlet oxygen. Singlet oxygen, in turn oxidizes histidine, resulting in rapid oxygen depletion (Fig. 6 ). Adding human melanosomes from aged donors showed a dose-dependent inhibitory effect on photooxidation (Figs. 6A, 6C ). Interestingly, photodegraded melanosomes proved more efficient at inhibiting TAP-mediated photooxidation (Figs. 6B, 6C ). The 50% inhibition was provided by degraded melanosomes at a concentration of 0.14 ϫ 10 9 granules/mL, whereas a fivefold higher concentration of native melanosomes was required to provide a similar inhibitory effect (Fig. 6C) .
DISCUSSION Melanosomes Protect against Iron-Mediated Oxidation
In several model systems that have been studied, the binding of iron to melanin provided either antioxidant protection against metal ion-mediated oxidation 4, 27, 28 or mediated pro-oxidant effects. 5, 6, 29 Oxidation of melanin-bound reduced metal ions, such as Fe(II) and Cu(I), by hydrogen peroxide or oxygen leads to the formation of hydroxyl radical and superoxide, respectively. However, these products interact rapidly with the melanin itself 30 ; therefore, the risk of free radicals escaping the melanin is very low. Moreover, oxidized metal ions such as Fe(III) and Cu(II) bound to melanin are substantially less susceptible to reduction by typical physiological electron donors such as ascorbate, NADH, and NADPH. 1, 3 If the Fenton-type reaction does occur, the hydroxyl radicals that are formed are scavenged in situ by melanin itself. 1, 30 Therefore, the binding of metal ions by melanin largely disables their redox cycling, and melanin-bound metal ions may be substantially less damaging to cellular components. 1, 3, 29, [31] [32] [33] However, melanin itself can reduce Fe(III) or Cu(II) complexed by a strong chelator such as DTPA 34 or, under more biologically relevant conditions, by a weak chelator such as citrate in the excess of metal ions compared with melaninbinding sites. 28 Photoexcitation of melanin in the presence of oxygen leads to the generation of superoxide radical anions, 3 which in turn can reduce iron or copper ions. 18 Thus, the entire process, mediated by melanin, can be complex, with the net antioxidant or pro-oxidant result depending on many factors, such as relative concentration of metal ions, small molecular weight chelators and melanin-binding sites, presence of oxygen, and irradiation conditions. Under special conditions, such as the presence of EDTA, redox cycling of metal ions by melanin may lead to pro-oxidant effects such as those demonstrated for sepia melanosomes enriched with iron or copper that mediate damage to extragranular DNA. 29 It has also been demonstrated that low-molecular-weight melanin components leak out of iron-saturated sepia melanosomes, indicating that the aggregation state of native melanin polymer is lost. 35 Lowmolecular-weight melanin components exhibit chemical properties different from those of the intact melanin polymer, and are, for example, more photoreactive. 36 Some previous studies indicate that isolated RPE melanosomes can effectively protect exogenously added substrates, lipids, or salicylates from iron ion-mediated oxidation or hydroxylation. 4 -6 Our present results clearly demonstrate that RPE melanosomes effectively inhibit iron-mediated oxidation of RPE homogenates. Bovine pigmented and nonpigmented RPE cells provided an excellent system to prove the protective effects of melanosomes on iron-mediated oxidation in RPE homogenates. Tapetal and nontapetal retinal pigment epithelia are likely to differ in aspects other than pigmentation because of known topographic variations in the RPE monolayer. Importantly, however, on the addition of bovine melanosomes to the 
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nonpigmented bovine RPE cells, we could diminish the rate of oxidation to that observed in pigmented bovine RPE cells. Moreover, bovine melanosomes exert protection similar to that of synthetic melanin, suggesting that melanin is the main factor responsible for the binding of Fe ions in the retinal pigment epithelium.
Human melanosomes have been shown to undergo agerelated changes in their photophysical properties (absorption and fluorescence), 37 melanin content, 11 and light-induced chemical reactivity. 10 An age-related increase in the lipid component surrounding the granule 20 may hinder the passage of charged ions inside. Thus, melanosome interactions with iron ions may also change with age such that melanosomes from aged donors are less competent to inhibit iron ion-induced lipid peroxidation. Yet, our investigation of the inhibitory effect of human melanosomes on Fe-ADP/ascorbate-induced oxygen uptake in the presence of linoleate demonstrated that human melanosomes from donors older than 60 offer substantial dose-dependent protection against Fe-mediated oxidation. These results indicate that, at least under our experimental conditions, age-related increases in lipid content and modifications of melanin do not substantially affect melanosomal ability to inhibit iron ion-mediated oxidation.
Thus, our results support the postulate that melanosomes may play an important antioxidant role in the retinal pigment epithelium, 1 a site of continual trafficking of iron between the choroidal blood supply and photoreceptor outer segments. 38 -41 Moreover, daily phagocytosis of photoreceptor outer segments rich in iron imposes an additional risk of iron ions escaping from binding proteins in the retinal pigment epithelium. Melanin has a large capacity for binding metal ions, and it has been documented that choroidal and RPE melanosomes do indeed accumulate substantial amounts of zinc, copper, and iron. 4, 42, 43 Thus, RPE melanosomes may perform an antioxidant function by sequestering redox active metal ions and disabling their redox cycling or by rapid scavenging of free radicals, assuming these are generated by Fenton-type processes occurring within the melanosome. 
Pro-oxidant Effects of Melanolipofuscin in Fe-Induced Oxidation
Melanosomes are the most prominent pigment granules in the young retinal pigment epithelium, but with aging there is a progressive accumulation of lipofuscin and complex granules containing melanin and lipofuscin (melanolipofuscin). 4,19 -22 Interestingly, melanolipofuscin in the presence of iron ions mediates rapid oxygen uptake in the absence of additional oxidation substrate, which is approximately 2.1 and 2.8 times greater than in the presence of lipofuscin and melanosomes, respectively. Perhaps the proximity of melanin to lipofuscin, when both are enclosed within the same melanolipofuscin granule, results in the greatest susceptibility to iron-induced oxidation in comparison with lipofuscin and melanosomes. Perhaps the melanin in melanolipofuscin is still able to bind iron but enables its redox cycling by ascorbate. Then, because of high local availability of unsaturated lipids, oxidation may proceed more quickly than it does for melanosomes (which have fewer substrates available for oxidation and less degraded melanin) or for lipofuscin (which apparently exhibits no affinity for iron).
Loss of Antioxidant Properties and Pro-oxidant Action of Melanosomes in the Presence of Iron Ions Caused by Photodegradation
With age there is a marked decrease in RPE melanin, as demonstrated by a morphometric quantification of cell volume occupied by melanosomes, 7, 20, 22 a decrease in the characteristic subunits of melanin, 44, 45 and a decrease in the content of the intrinsic free radical of melanin in RPE cells 8 and in isolated RPE melanosomes. 11 It has been suggested that age-related loss of RPE melanin and changes in its physicochemical properties may result from photooxidation. 5, 6, 8 Melanin functions as a broadband filter whose absorption coefficient monotonically increases with decreasing wavelength across the infrared, visible, and ultraviolet parts of the electromagnetic spectrum. The energy of the absorbed radiation is largely converted to heat, whereas only a very small percentage of absorbed photons results in the formation of free radical, the melanin radical that on interaction with oxygen forms the superoxide radical. However, different functional groups of melanin can efficiently scavenge superoxide and reduce it to hydrogen peroxide or oxidize it back to oxygen. 3 Thus, the irradiation of melanin with visible light, particularly in the presence of redox active metal ions, leads to the generation of free radicals targeting melanin itself. 46 Indeed, we and others 10, 47 have previously shown that the photodegradation of RPE melanosomes is accompanied by the photogeneration of superoxide radical, hydrogen peroxide, and oxidation of intragranular components resulting in melanosomes with increased fluorescence, decreased concentrations of intrinsic free radicals, and increased yields of photogeneration of superoxide and photooxidation of extragranular proteins. 5, 7, 8, 48 Because these changes suggest extensive chemical changes of the melanin subunits or modifications in physicochemical interaction between components, it has been tempting to test whether photodegradation affects metal ionbinding properties and, therefore, the inhibitory effects on metal ion-mediated oxidation.
In our previous studies, the photodegradation of synthetic melanin, porcine melanosomes, and bovine melanosomes was induced by a broad spectrum of visible light 5 or ultraviolet and visible light 6 and resulted in a reduced capacity to bind iron ions and a loss of inhibitory effect on Fe-mediated oxidation. The wavelength dependence of photo-induced oxygen uptake indicates that human melanosomes become more susceptible to photooxidation with decreasing irradiation wavelength.
14 However, because of the filtering effect of the adult human lens, almost no ultraviolet light reaches the adult retina; therefore, only light above 390 nm is physiologically relevant for the photodegradation of adult human melanosomes. 49 Here we have demonstrated that the photodegradation of melanosomes with acute blue light decreases their ability to protect from iron-mediated oxidation and that the degraded melanosomes themselves become a susceptible target for iron-mediated oxidation. It appears that iron ions bound to the surface of partially degraded melanin are more susceptible to reduction by ascorbate, and their redox cycling will elicit oxidation. Such a scenario, in which iron binds to degraded melanin but can be easily reduced by ascorbate and the subsequently formed free radicals are scavenged within melanosomes contributing to oxygen depletion, explains the observed effects by which photodegraded melanosomes appear to be more susceptible than native melanosomes to metal ion-catalyzed oxidation mediated by ascorbate.
In our experimental setup, melanosomes were exposed to a total dose of 92.4 J/cm 2 blue light. Fluence rates reaching the retina exposed to daylight vary from approximately 10 to 100 W/cm 2 . 50 Assuming that only 1 W/cm 2 blue light reaches the retina of a person older than 60 because of the screening effect of the crystalline lens, it can be roughly estimated that the human retina exposed to physiologically relevant fluence rates will accumulate such a dose over 1069 days of continual exposure to blue light. Assuming further that light exposure takes place for approximately 16 hours/day, 4.4 years would be required to achieve similar degradation of melanosomes, unless endogenous antioxidants effectively counteract the photodamage.
Another point worth consideration is metal content in aged melanosomes under physiological conditions. 43 Our isolation procedure of pigment granules in the presence of EDTA removes most metal ions before photodegradation. Given that melaninbound iron or copper accelerates melanin photodegradation, 46 it is likely that the dose of light required to induce substantial photodegradation in vivo is smaller than that used in our study.
It must be stressed that the melanosomes used for our study were from aged persons and therefore might already have been partially photodegraded because of lifelong exposure to light. Our previous experiments on synthetic melanin and bovine RPE melanosomes showed that after an initial period of relatively small changes in optical properties and in the intrinsic free-radical concentration of synthetic or bovine melanosomes, the next phases of bleaching and loss of intrinsic free radicals of melanin are more rapid. 5, 6, 8 If this is the case for human melanosomes, it may be speculated that age increases the risk for photodegradative changes in melanosomes. Moreover, with age, melanosomes increase their photoreactivity; on irradiation with visible light, the photogeneration of superoxide and the overall rate of photo-induced oxidation increases. 10 These data also suggest an increased susceptibility of aged melanosomes to photodegradation.
Mechanistic Insight into Degradation-Dependent Changes in Melanosome Interaction with Iron Ions
There are several possible explanations for the observed effects of photodegradation on the interaction of melanosomes with iron, by which changes in melanosome structure as a granule and melanin structure (and thus its chemical properties) must be considered. Based on published data and results obtained in this study, it can be suggested that the photodegradation of melanosomes leads to increased accessibility of melanin-binding sites for iron ions and to decreased stability of the iron complexes with melanin-binding sites modified by oxidation. This is supported by several findings. Structural studies of changes in synthetic melanin suggest that on degradation induced by hydrogen peroxide, melanin polymer deaggregates because of the oxidative disruption of hydrogen and covalent bonds and the oxidative modification of the melanin subunits. 51 As a result, there is an increased number of negatively charged carboxyl groups and a reduced number of other functional groups such as ortho-phenols. 51 These carboxyl groups may provide increased concentration of binding sites for certain cationic molecules. On the other hand, a study by Zareba et al. 5 showed that photodegradation of the melanosome melanin polymer results in a decreased capacity for the binding of iron ions. These two apparently contradictory findings can be explained if we consider not only the total number of potential binding sites in melanin but also their type, which determines the stability of the formed complexes with metal ions and organic cations and the accessibility of iron ions to different melanin functional groups.
Photobleaching of melanin may increase the uptake of organic cations that are weakly bound to melanin carboxyl groups and may decrease the number of strong complexes formed between melanin bidentate ortho-phenolic sites and ferric ions. Interestingly, preferential binding of Fe(III) through coordination to o-dihydroxyl groups in Sepia melanosomes was concluded based on the results of recent Raman studies. 32 An elegant study by Simon and colleagues 32 demonstrated that the binding of iron ions to sepia melanosomes is not limited to the surface of the granule, and they postulated that channels must exist within the melanosome that enable trafficking of the metal ions inside the granule. We have previously shown that blue light irradiation of RPE melanosomes from older human donors leads to photooxidation of melanosomal constituents, including lipids, and that only approximately 28% of oxygen consumed accumulates as hydrogen peroxide. 10, 14 Transmission and scanning electron microscopy and atomic force microscopy show that photodegraded porcine melanosomes lose electron density, undergo fragmentation, and lose smoothness from their surfaces. 5 Thus, it may be suggested that modification of the melanosome surface and changes in the number and type of melanin-binding sites, because of photo-induced oxidation, may facilitate the penetration of charged molecules, such as iron ions or ascorbate, toward the melanin and may modulate their interaction with melanin functional groups. However, oxidation of melanosomal constituents within the granule may also result in extensive formation of cross-links, which impose a steric hindrance for channeling iron ions inside the melanosome. It may be argued that the photooxidation of melanosomes increases the accessibility of some melanin-binding sites to cations but decreases the stability of melanin complexes with iron ions; the binding of iron ions occurs mainly near the surface of the granule. This scenario is further supported by our present results demonstrating that photodegraded melanosomes offer better protection than native melanosomes against photooxidation mediated by a cationic photosensitizer, indicating that indeed the photodegradation of melanosomes facilitates the penetration of charged molecules through the melanosome surface and increases the concentration of accessible binding sites.
It appears that iron ions bound to the surface of partially degraded melanin are more susceptible to reduction by ascorbate, and their redox cycling elicits oxidation. Such a scenario in which iron binds to degraded melanin but can be easily reduced by ascorbate and the subsequently formed free radicals are scavenged within melanosomes, contributing to oxygen depletion, explains the observed effects by which photodegraded melanosomes appear to be more susceptible than native melanosomes to metal ion-catalyzed oxidation mediated by ascorbate.
Photodegraded Melanosomes Exhibit Increased Antioxidant Protection from Cationic Photosensitizers
Previously, it had been shown that the cationic photosensitizer TAP binds to synthetic melanin and bovine RPE melano- somes 4, 23, 24 and that, as a result of the binding, melanin efficiently quenches electronic excited states of TAP. 16, 25, 26 We have demonstrated that, in a system in which histidine was used as a singlet oxygen acceptor, the rate of photo-induced oxidation mediated by TAP decreased in the presence of increasing concentrations of bovine RPE melanosomes. 4 Interestingly, our experiment investigating the effects of human melanosome photodegradation on photosensitized oxidation by a cationic photosensitizer demonstrated that even extensively degraded melanosomes exhibited an increased ability to inhibit oxidation in comparison with native melanosomes. This suggests that the accessibility of the binding sites for the photosensitizer is facilitated by melanosome degradation and that degraded melanin retains its ability to quench excited states of the photosensitizer or singlet oxygen. This may be relevant not only for photosensitizers of extragranular origin but also for lipofuscinlike photosensitizers in melanolipofuscin or melanosomes from aged donors. For instance, a pyridinium bisretinoid (so-called A2E), because of its positive charge, can be expected to bind to melanin. Although A2E exhibits small photoreactivity in comparison with other nonidentified components of lipofuscin, 52 its binding to melanin may prevent its photodegradation, which is accompanied by the formation of toxic epoxides. 53 The proximity of melanin to photosensitizers in melanolipofuscin granules may prove protective against photosensitizing action even on extensive degradation of the melanin polymer.
CONCLUSIONS
RPE cells are a site of continual trafficking of iron ions between photoreceptors and the choroidal blood supply. 38, 39, 54 Therefore, the ability of RPE melanosomes to sequester iron ions that escape from their binding proteins may have an important physiological role in preventing iron from damaging cellular components of the retinal pigment epithelium. This ability is retained even in aged human melanosomes. However, photodegradation of melanosomes with a physiologically relevant dose of light results in the loss of these antioxidant properties while preserving their ability to bind and deactivate cationic photosensitizers.
Melanin has a large but finite capacity for binding metal ions. 32 The lifelong accumulation of metal ions within melanosomes may be expected to eventually exceed that capacity, and the protection against iron-mediated oxidation of the retinal pigment epithelium will be diminished. 1 Moreover, degradation of melanin polymer may be responsible for the loss of protective properties against redox-active iron, and it increases the risk for oxidation of intragranular and extragranular components. An age-related increase in the photogeneration of superoxide radicals 10 by melanosomes may impose an additional risk for redox cycling of iron ions mediated by the melanosome itself.
Several retinal degenerations have been associated with impairment in iron metabolism and accumulation of excessive amounts of iron in the retina, 38, 39, 54 and iron overload increases susceptibility of the retina to light-induced damage (Qian Y, et al. IOVS 2005;46:ARVO E-Abstract 1647). Importantly, retinal pigment epithelium affected by age-related macular degeneration (AMD) exhibits approximately fivefold higher concentrations of total iron than age-matched normal retinal pigment epithelium. 55 In normal and AMD-affected retinal pigment epithelium, approximately half the iron is easily chelatable. 55 Thus, it is tempting to suggest that age-related changes in melanosomes may be partly responsible for the dysfunction of RPE cells and may be involved in the development of AMD, the primary cause of blindness in the elderly in developed countries.
